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Abstract 

B^-B mixing and a CP violation parameter in K^-K mixing ex are studied in the 
minimal supergravity model. We solve the one-loop renormalization group equations 
for the minimal supersymmetric standard model (MSSM) parameters numerically in 
order to determine the masses and mixings of the supersymmetric particles, while all 
off-diagonal (generation mixing) elements and phases of Yukawa coupling matrices 
and those of squark mass matrices are taken into account. Applying the radiative 
electroweak symmetry breaking condition and phenomenological constraints includ- 
ing the recent measurement of the — > s 7 inclusive branching ratio, we obtain the 
allowed parameter region. We have found that the present constraints still allow a 
parameter region where both B'^-'B^ mass splitting AMb and ex are ~ 20% larger 
than the standard model values. By explicit numerical calculations, we have also 
found that the complex phase of B^-B^ mixing matrix element in this model is al- 
most the same as the standard model value in a good accuracy in the whole allowed 
parameter region. It is shown that AMb and can put useful constraints on the 
supersymmetry's parameter space when the Cabibbo-Kobayashi-Maskawa matrix 
elements are determined through the measurements of CP violations in B decay 
with future 5-factories. 



I Introduction 



Supersymmetry (SUSY) is one of the most favorable candidate for new physics 
beyond the standard model (SM). The minimal supersymmetric standard model 
(MSSM), which is the most straightforward supersymmetric extension of SM, has 
been intensively studied for years. MSSM has many new particles such as super- 
partners of ordinary particles and extra Higgs bosons. Though these SUSY particles 
are sufficiently heavy to evade the direct search in the present accelerator experi- 
ments, they may give measurable contributions to low energy phenomena such as 
flavor changing neutral currents (FCNC) and CP violations through the radiative 
corrections 

MSSM has two kinds of sources of flavor mixings: a Yukawa coupling sector 
and a SUSY breaking sector. The Higgs sector of MSSM is a special case of two 
Higgs doublet model (THDM) categorized as model II , in which up-type (electric 
charge 2/3) quarks and down-type (electric charge —1/3) quarks get masses from 
vacuum expectation values of different Higgs doublet flelds and hence there is no 
tree level FCNC. After the diagonalization of quark mass matrices, flavor mixing 
between quarks appears in the coupling with W boson, just as in the SM, and in the 
coupling with the physical charged Higgs boson. Both flavor mixings are described 
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix with three mixing angles and 
one CP violating complex phase. 

The other source of flavor mixing and CP violation lies in the SUSY breaking 
sector which involves SUSY particles. Since SUSY is softly broken, squark masses 
do not have to be diagonalized in the same flavor basis as that for quarks. For a 
general SUSY breaking sector, the SUSY contributions to the FCNC and/or CP 
violating processes can easily dominate over the SM contributions. Such a model is 
strongly constrained by the present experiments on the K'^-'K^ mixing |]I| and the 
neutron electric dipole moment 0. 

Minimal supergravity (SUGRA) provides an attractive framework for the SUSY 
breaking sector of MSSM |]10|. In the minimal SUGRA model, SUSY is assumed to 
be spontaneously broken in the "hidden" sector which couples to the "observable" 
MSSM sector only gravitationally so that the interactions between the hidden and 
the observable sectors are suppressed by 0{Mp^]^^^^^). The induced soft SUSY break- 
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ing terms have a universal structure: all soft SUSY breaking masses of squarks and 
sleptons are degenerate, all trilinear scalar couplings are proportional to the corre- 
sponding Yukawa couplings, etc. In such a case, the flavor mixings in both quark 
sector and squark sector are essentially determined by the CKM parameters. Impos- 
ing the universal structure on the soft SUSY breaking parameters at a high energy 
scale such as the GUT scale, one can evaluate the soft SUSY breaking parameters 
and the Higgs potential at the electroweak scale by solving renormalization group 
equations (RGEs). As a result of the renormalization effects by the large third gen- 
eration Yukawa couplings, the Higgs potential is modified so that the electroweak 
symmetry breaking occurs. This is called the radiative electroweak symmetry break- 



ing scenario [0. Flavor mixings in the squark sector are also determined by the 
RGEs. The first and the second generations of squarks are highly degenerate so that 
the constraint from the K^-Ks mass splitting is easily satisfied. Furthermore, if we 
assume that all SUSY breaking parameters are real at the GUT scale, the neutron 
electric dipole moment is sufficiently suppressed 0. 

Although many analyses of the minimal SUGRA model based on the above 
scenario have been pubhshed in literature |1|, 0, |^, |^, ||, |^, 0, H, [T0[, an extensive 
study on the FCNC processes is missing which takes into accounts the radiative 
electroweak symmetry breaking scenario and recent experimental results, such as 
the determination of the top quark mass and the measurement of 6 ^ s 7 
inclusive branching ratio |13|. In particular, from the recent theoretical studies on 
the 6 — i> s 7 process @, it is shown that relatively light charged Higgs and/or SUSY 
particles are still allowed since the SUSY particles' contributions to this process can 
cancel the charged Higgs contribution depending on the sign of the higgsino mass 
parameter. Therefore, it is important to determine how such light charged Higgs 
and/or SUSY particles contribute to other FCNC processes. 

The purpose of the present paper is to study the FCNC and CP violation in the 
framework of the minimal SUGRA model. We focus on three quantities: the complex 
phase of the B^-^ mixing matrix element Mi2{B) = e*^^|Mi2(-B)|, which is related 
to the CP violation in B meson decays, B^-B^ mass splitting AMb = 2\Mi2{B)\, 



and the ex parameter of the CP violation in the K^-K system. Unlike the K^-Ks 
mass splitting AM^ in which the long distance contribution cannot be neglected, 
AMb and ek are supposed to be dominated by the short distance physics , thus 
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can be sensitive to new physics contributions. In most of the previous works 0, 0) H 5 
B°~B and K°-K mixing in MSSM are studied with some simphfied treatments 
on the SUSY particle masses and mixing angles, such as: approximate solutions 
of the RGEs which are obtained by neglecting Yukawa couplings other than that 
of top quark are used; or a simple form of mass matrices at the electroweak scale 
is assumed. On the contrary, in the present analysis, we obtain all mass matrices 
of SUSY particles from the universal soft SUSY breaking parameters at the GUT 
scale by a straightforward numerical calculation. We include all complex elements 
of Yukawa coupling matrices and of squark mass matrices in solving one-loop RGEs 
for all MSSM parameters with the universal boundary conditions explained above. 
We then evaluate the effective potential for the Higgs fields at the electroweak scale 
to find a consistent SU(2) xU(l) breaking minimum in accordance with the radiative 
electroweak symmetry breaking scenario. The obtained mass matrices of all parti- 
cles are diagonalized to evaluate the flavor mixing in the squark sector. The mass 
spectrum and the mixing are then used to calculate B^-B^ and K^-K^ mixing ma- 
trix elements. Along this outline, FCNC processes in B decays and B^^^ mixing in 
the minimal SUGRA model are studied previously in Ref. 0]. Compared with this 
work, we improve the following points: ex is also considered; one-loop correction 
to the effective Higgs potential is included to determine the electroweak sym- 
metry breaking; no special relation between soft SUSY breaking parameters A and 
B (see Sec. |I|) is assumed; and experimental constraints by LEP etc. are updated 
|1T6| , p!7| , as well as the top quark mass and b ^ s 'y branching ratio. It is found that 



the SUSY contributions do not change the phase of the B^-B^ mixing 9b from the 
SM value appreciably for the whole SUSY breaking and CKM parameter space we 
considered. As for AMb and ex, we find that all the contributions from charged 
Higgs and SUSY particles have the same sign as the SM contribution and that a 
parameter region in which both AMb and ex are ~ 20% larger than the standard 
model values is allowed by the present constraints. We also find that there is a linear 
correlation between the ratio of AMb to its SM value and that of ex- 

The rest of the paper is organized as follows. In the next section the minimal 
SUGRA model is introduced to clarify the notations and the assumptions which we 
adopt in this paper. In Sec. fT|, our results of numerical analyses are presented. 
Sec. is devoted for discussion and conclusions. Formulae for functions from loop 
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integrals and QCD correction factors are summarized in the Appendices. 



II Minimal SUGRA model 

MSSM contains three generations of matter (left-handed) chiral superfields Qi (3, 2, 
1/6), A (3, 1, 1/3) and Ui (3, 2, -2/3) for quark supermuhiplets, U (1, 2, -1/2) 
and Ei (1, 1, 1) for lepton supermultiplets, where SU(3)xSU(2)xU(l) quantum 
numbers are expressed in each bracket and the suffix i = 1, 2, 3 is the generation 
index, and two Higgs doublets Hi (1, 2, —1/2) and H2 (1, 2, 1/2), as well as vector 
superfields for gauge multiplets. Yukawa coupling and supersymmetric Higgs mass 
terms are described by the superpotential Wmssm as 

Wmssm = mrDjaHi^ + ftjeo.pQrU,aHl + f^e''^ E^L^^Hi^ + ^iHi^H^ , (2.1) 

where fo, fu and fi are Yukawa coupling constants for down- type quarks, up-type 
quarks and leptons, respectively, the suffices a,b,c = 1,2,3 and a,P = 1,2 are 
SU(3) are SU(2) indices, respectively, e^/j and e"^ are antisymmetric tensors with 
ei2 = e'' = 1. 

Throughout the calculation hereafter, we choose the basis in the generation 
space for the superfields such that the Yukawa coupling constants for up-type quarks 
fu and leptons fi are to be diagonal at the electroweak scale. The Yukawa terms 
in 1(2.1)1 are then written as 

V^^Yukawa(mz) = f^' {v^u) J + fSQiUjH^ + flE^L^Hi , (2.2) 

where the notation stands for a diagonal matrix. All eigenvalues of fo, fi and 
fu are taken to be real positive. We use the standard parameterization in Ref. 
for the CKM matrix Vkm- 



In addition to the supersymmetric Lagrangian to be derived from |(2.1)| , the 
following soft SUSY breaking terms are included: 

* In the Wolfenstein parametrization ||l9| the Vkm is parametrized by four parameters 
(A, A, p, rf). The parameters p and rj are written as p + irj ~ ^{V*fjVud) / [ycb^cd) neglecting 
the higher order terms of the Cabibbo angle A — 14s ■ 
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+Alh\hi + Alhlh2 - (fiyu/ii/ia + h. c. ) 
+ (^A%qidjhi + A^^qiUjh2 + A^'ie^jhi + h. c. 

/Ml ~~ Mo Mq~~ \ 

+ y^BB + ^WW + ^GG + h. c. j . (2.3) 

where g^, di, Ui, e^, Z^, /ii and /12 are scalar components of Qi, Di, Ui, Ei, Li, Hi and 
H2, respectively, and B, W and G are U(l), SU(2) and SU(3) gauge fermion fields 
(bino, wino and gluino), respectively. SU(2) and SU(3) suffices are omitted in |(2.3)| 
for simplicity. In the minimal SUGRA model, SUSY is assumed to be spontaneously 
broken in the hidden sector which couples to the observable sector (MSSM in the 
present case) only gravitationally, and hence universal soft SUSY breaking terms 
are induced in the observable sector. Here, we assume that the soft SUSY breaking 
parameters satisfy the following relations at the GUT scale: 

ml 6' J , 

(m^)/ = ml 6/ , 





= = 




= «)/ = 


A? 


= = ml 




= fox^x , 


Ml 


= M2 = M3 



= Mgx , (2.4) 

where the suffix "X" stands for the value at the GUT scale. We also assume that Ax, 
Mgx and /i are all real parameters. Therefore, no new CP violating complex phase 
(other than that in CKM matrix) is introduced in the present analysis. Although two 
physical complex phases among these soft SUSY breaking parameters are possible 
in principle, such phases lead to a large neutron electric dipole moment in general 
and are strongly constrained 0. 

Below the GUT scale, radiative corrections modify all parameters in the su- 
perpotential |(2.1)| and the soft SUSY breaking terms |(2.3)| , as well as three gauge 



coupling constants gi, §2 and for U(l), SU(2) and SU(3), respectively. The evolu- 
tion of the parameters are described by the RGEs P, ffl. According to the radiative 
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SU(2) X U(l) breaking scenario [jTT|, we numerically solve the RGEs down to the 
electroweak scale mz and evaluate the effective potential for the neutral Higgs fields: 



K(Higgs) = 1/tree + Vi_loop , 

Kree = (/i^ + A?) | /^i | ^ + (/^^ ^ A^) | /l2 ^ - (5/i/li/l2 + h. C. 



gl + gl 



\hi\ 



(2.5) 



where Vi_ioop is the one-loop correction to the effective potential induced by the 
Yukawa couplings for the third generation |[T5|. We have imposed that the elec- 
troweak symmetry is broken properly and gives the relation 



{hi) 



rrir 



V cos P , (/i2) = vsinP 



(2.6) 



g2 2 

-V 



2 cos^ 6w 

where 9w is the Weinberg angle and P is the angle for the vacuum expectation values 
of the two Higgs fields. The magnitudes of fj, and B in |(2.5)| are determined by the 
condition |(2.6) . 



New flavor mixings in the quark-squark-gaugino and quark-squark-higgsino 
couplings come from diagonalization of the quark mass matrices as well as the squark 
ones. The mass matrix for up-type squarks is expressed as 



— £(s-up mass) 



U 



{qui, u 



[^RLJij V^RR 



2 \ 3 



[^rr), 



1 1 



tan^ Ow ) 5' 



{MuMiy, + (m J) + ml, cos 2/5 ^ ^ ^ 

{mi^ / + cos 2/5 i- tan^ Ow \ 



(m 



2 V-^' 

LR) 



fiMii cot (3 + A^(}v sin (3 



m 



RL 



m 



2t 

LR ' 



(2.7) 
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where Mu is the up-type quark mass matrix M^J = /^f sin/3 and Qu is the up-type 
component of the SU(2) doublet q. Note that even if we take the basis in which Mu 
is diagonahzed as Eq. |(2.2)| , the squark mass matrix Ai~ is not diagonahzed simul- 



taneously since, due to the renormalization effect, off-diagonal elements are induced 
in the soft SUSY breaking parameter matrices. Squark mass basis is obtained by 
diagonalizing |(2.7)| with a 6x6 unitary matrix [/[/: 



u, 



{Uu)^ uj, I = 1,2, 6 
Qui for / = 1, 2, 3 



u}„3 for 1 = 4:, 5, 6 



UlMfUu = diagonal , (2.8) 



where u'j is the mass eigenstate of up-type squark and ^ stands for transposition. 
The mass bases of down-type squarks are obtained in the same way with 6x6 uni- 
tary matrices Ud- The flavor mixings in the quark-squark-gaugino and the quark- 
squark-higgsino coupling are described by the mixing matrices Uu, Ud and the CKM 
matrix. 

B^-B and K°-K mixing matrix elements M^i^B) and Mi2{K) are evaluated 
with use of the box diagrams which contain various particles in the internal loop. 
In addition to the standard model contribution (W and up- type quark loops), the 
following diagrams contribute to Mi2{B/K) in MSSM: 

1. charged Higgs - up- type quark loops and charged Higgs - W - up- type quark 
loops, 

2. chargino - up-type squark loops, 

3. gluino - down-type squark loops, 

4. neutralino - down-type squark loops and neutralino - gluino - down-type 
squark loops. 

The contribution from the box diagrams involving neutralinos is estimated to be 
smaller than the gluino contribution and is neglected in the present calculation. 
Furthermore we neglect the contribution from diagrams with right-handed external 
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quark lines since the flavor mixing in the right-handed sector is small in the mini- 
mal SUGRA model |2y]. Consequently, our formulae for Mi2{B) are given by the 
following expressions. In the standard model and the charged Higgs contributions 
Asm{B) and Ah±{B) we have taken the m„^c limit since these contributions 
are negligible compared to the top mass contributions: 



Mi2(5) 

AsuiB) 
Ah±{B) 



BbVbPbMb 



3847r2 



AsuiB) + AH±iB) + A^±iB) + A~{B) , (2.9a) 



9l 



m 



w 



9t 



rriyy tan^ /5 



1 



Gi(a;f,xf^ 



4:Xh tan^ P 



+ -G[{Xt,Xt,XH) - 2GQ{Xt,Xt,XH] 



A^^{B) 



9l 



a,/3=l /, J=l 



E E 



iu^\' + {K), (f/+)/jG;(x?,x^,x^) 

I^J=1 



x^-Gi(a:?,xS) + |Go(x?,xS) 



Here, the mixing matrices U'u d and f/^ are defined as 



{Uu,d)'{Vkm),' 



u 



A:+3 



V^mvy sin /? 



(V^km) 



(2.9b) 



(2.9c) 



(2.9d) 



:2.9e) 



(2.10a) 
(2.10b) 



8 



where m^"-* {k = 1,2,3) is up-type quark mass; Mg and f/+ are the eigenvalue and 
the diagonalizing matrix of the chargino mass matrix Aic'- 



UlMcU. 











M 



c 



M2 \f2m-w sin /3 

— ^/2mvi/ cos fi —fi 



The variables x's are defined as Xt 

rl32 



mf/m^, Xh 



m 



/m 



2 ^ 



(2.11) 



Xt/XH, 



xf = m|, /Mg2, x'^ = /Mg'^ and xf = m| /M| with the gluino mass M3, and 



the Inami-Lim functions Fi^2, Go,i and Gq are listed in [Appendix A| . We evaluate 
all masses and mixing matrices at the electroweak scale neglecting the electroweak 
and SUSY threshold corrections. Overall factors 13 b, fs, Mb and r]B are the bag 
parameter, decay constant, B meson mass and the QCD factor below the weak 
scale, respectively. We use the one-loop formula for tib (see [Appendix B|) , which is 
sufficient for the present purpose, since our main interest is to study the ratio to the 
SM value and hence the overall factor is irrelevant. For Mi2{K), terms with the first 
order of x. 

Asm and in the charged Higgs contribution Ah±- 



m'l{mw) / TOy^r have to be included in the standard model contribution 



Asm{K) 



Ah±{K) 



Bk^kIrMk 



3847r2 



Asm{K) + Ah±{K) + A^±{K) + A~{K) (2.12a) 



V:,V,sfviXc+{V:,VtsfF^{xt] 



-2 iy:,v,,) {y:,Vts) [xcF2{xt) - f,2xAogx,]} 

1 



9t 



2 ^2 



rriy^ tan^ (3 



(y:,Vtsrx 



Axh tan^ (3 



,^G,{xf,xf) 



1 



, Xt, Xh , Xt, Xh) 



(2.12b) 



+2 {v::y,,){v:,Vts)x,xt 



^^Gi(xf,a;f) 

4a;Htan2/3 ^ ' * ^ 



+h3\{xc,Xt,XH) -^G'Qixc^Xt^xn) | • 



(2.12c) 
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Since the QCD correction factors for the diagrams including internal charm and up 
quarks are different from that for the top loop, we have included the extra QCD 
factors 171,2 in Asm{K) [^. Explicit forms of rjx and 171,2 are given in [Appendix B| . 
The SUSY contributions A^± {K) and A~{K) are obtained from the formulae for B^- 



mixing |(2.9d)| and |(2.9e)| by an appropriate change of the flavor indices. Then 



the B^-B^ mass splitting AMb and the CP violation parameter are obtained 
from Mi2{B) and Mi2{K) as 

AMb = 2|Mi2(S)| , (2.13a) 

= V ; 2.13b 

respectively. The experimental value for the K^-Ks mass splitting is given as 
AMk = 3.51 X 10~^^ MeV, and we have used the experimental result ATk ~ 
—2AMk in Eq. |(2.13b)| . Note that the contributions from penguin diagrams is 



omitted to derive |(2.13b)| . In the minimal SUGRA model, as well as SM, the ex is 



estimated to be dominated by the box contributions. 

Ill Numerical results 



Following the method described in Ref. we investigate the three dimensional 



parameter space {mo, Mgx within the ranges mQ,Mgx < 2 TeV and \Ax\ < 

5mo for a given set of tan (3 and CKM parameters \Vus\, \Vcb\, \Vub\/\Vcb\ and ^13, 
where ^13 is the CP violating phase in the standard parametrization |]TB[ and is 
defined as e~*''i^ = V^u6/|V^ufe|. Then we repeat the whole procedure varying tan/? 
and the CKM parameters. The top quark mass is fixed to rrit = 175 GeV at 



the electroweak scale |jT2[. In order to obtain the allowed region in the parameter 



space, we require each calculated point to satisfy the following phenomenological 



constraints [18| beside the condition for the radiative electroweak symmetry breaking 



scenario |11]: 



1. 6 — s 7 inclusive branching ratio. It is known that the 6^57 branching 
ratio is approximately independent of 613 and gives a unique constraint on the 
SUSY parameter space |^, |^. For the detail procedure to put a constraint 
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on the SUSY parameter space, see Ref. 0. The measurement by CLEO 
requires 1 x 10""^ < Br(6 57) < 4.2 x 10""^; 

2. The mass of any charged SUSY particle is larger than 45 GeV; 

3. All sneutrino mass are larger than 41 GeV; 

4. The gluino mass is larger than 100 GeV ||16|| ; 



5. Neutralino search results at LEP |T^, which require T{Z — > xx) < 8-4 MeV, 
Bt{Z XX')j Bt{Z —>■ x'x') < 2 X 10~^, where x is the lightest neutralino 
and x' is any neutralino other than the lightest one; 

6. The lightest SUSY particle (LSP) is neutral; 

7. The condition for not having a charge or color symmetry breaking vacuum 



22 



In the following, we show our results for 9b, AMb and e^. 

III.l Ob 

In Fig. |I], we show the complex value of Mi2{B) for fixed tan (3 = 3 and CKM param- 
eters IK.I = 0.221, \ V^h\ = 0.041 and iKbl/lKbl = 0.08 with four choices of 5i3 = 7r/6, 
vr/S, tt/2 and 27r/3. The axes are normalized to the prefactor Bbt^bIbMb/SSAtt'^ 
in |(2.9a)| . Each dot shows the value of Mi2{B) in the minimal SUGRA model and 



each cross represents the SM value. We see that all SUGRA points lie along the 
line connecting the origin and the corresponding SM point, which shows that 6b in 
the minimal SUGRA model is equal to the SM value with the same CKM parame- 
ters. This fact is known previously [|^, |^ by analyses with the approximate solutions 
of the RGEs where Yukawa couplings other than that of top quark are neglected. 
Our numerical result confirms and extends the previous analyses on this point. We 
have also checked that the result is independent of tan (3. Phenomenologically, this 
has an important consequence that the CP asymmetry measurements in various B 
decay modes including B ^ J/ip Kg gives a direct information on the p and 77 
parameters just as in SM even if there are new contributions to AMb and/or e^; 
if the phase in the new contributions to Mi2{B) were different from the phase of 
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the SM contribution, the relation between the CP asymmetries in B decays and the 
CKM parameters would be modified and hence one could not read CKM parameters 
directly from the measured CP asymmetries. 



III.2 AM, 



B 



As can be seen in Fig. |T], SUSY and charged Higgs contributions to the magnitude 
of Mi2{B) are all constructive in the whole allowed parameter space. We show 
the ratio of AMb in the minimal SUGRA model AMb(SUGRA) to the SM value 
AMb(SM) as functions of the charged Higgs mass and the lighter scalar top 



mass mj^ for tan/5 = 3 and 10 in Fig. - Fig. |2^. 5i3 is fixed to 7r/3 and other 
CKM parameters are the same as those in Fig. [^. Each solid line in Fig. ^ and 
Fig. ^ shows the value in THDM II with the same tan (3 and CKM parameters. For 
a small tan (3 = 3, main non-SM contributions to AMb come from both the charged 
Higgs loop |(2.9c)| and the chargino loop |(2.9d)| while the gluino contribution |(2.9e 



is relatively small. The total AM^ (SUGRA) increases by ~20% of the SM value for 
a charged Higgs mass < 300 GeV. On the other hand, for a large tan/5 = 10, the 
charged Higgs contribution is suppressed as ~ 1/ tan^/?. In that case, the dominant 
non-SM contribution comes from the chargino loop only. Fig. ^ and Fig. ^ show 
that a relatively light scalar top is necessary for a large chargino - scalar-top loop 
contribution for both choices of tan j3. 

In order to investigate the CKM parameter dependences of AM^ (SUGRA)/ AMb(SM), 
we varied the CKM parameters within the range iV^bl/lKbl = 0.08 ± 0.03 and 
< 5i3 < TT. We find that the change of the non-SM part of Mi2{B) normalized to 
the SM value is less than O(10~^). Combining with the result on 6b, one can see that 
the whole {p, rf) dependence of the complex number Mi2{B) is common to the SM 
and the non-SM parts and is canceled out in the ratio AMs(SUGRA)/AMs(SM) 
in a good accuracy. 

The lower and the upper bounds of the ratio AMs(SUGRA)/AMs(SM) in 
the parameter space {mfj±, tan/5} are shown in Fig. |3^ and Fig. |3b|, respectively. 
Here we fix the CKM parameters to the same values as those in Fig. ^ - Fig. ^ 
since the result does not depend on the choice of the CKM parameters. The range 
of the tan/5 we have scanned is 2 < tan/5 < 55. For the values of tan/5 smaller or 
larger than this range the Yukawa coupling constant for top or bottom/tau blows up 
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below the grand unification scaleQ. We see that the largest enhancement on AMb 
(AMs(SUGRA)/AMb(SM) > 1.2) is realized for small tan/? < 4 and mH± < 400 
GeV. In this parameter region, a relatively light scalar top mj^ < 200 GeV also exists 
and hence both charged Higgs loop and chargino and scalar top loop contribute to 
AMs(SUGRA) sizably. 

Let us now consider what would change if LEP II should not find any SUSY 
signal. Since the upper bound of AMs(SUGRA)/AMb(SM) for given tan/5 and 

is essentially determined by the lower bounds for the masses of SUSY parti- 
cles, chargino and/or scalar top, in particular, a parameter region with relatively 
large AMi3(SUGRA)/AMB(SM) is excluded if the lower bound of the SUSY particle 
masses is raised to ~90 GeV. As a result, the upper bound of AMb(SUGRA)/AMb(SM) 
shown in Fig. |3E decreases considerably, while the lower bound of the charged 



Higgs mass for each tan (3 is also raised. On the other hand, the lower bound of 
AMb(SUGRA)/AMb(SM) shown in Fig. ^is insensitive to the lower bound of the 



SUSY particle masses because the bound is essentially determined by the require- 
ment of the radiative electroweak symmetry breaking. Therefore, the only change 



in Fig. ^ after the LEP II constraint is that the excluded region of the charged 
Higgs mass is extended by ~50 GeV (see Ref. [^), though the contours themselves 
are not changed much. 

III.3 ex 



Fig. Fig. |id| show scatter plots of the ratio |ei^(SUGRA)|/|e/^(SM)|. In compari- 
son with the corresponding figures for AMB(SUGRA)/AMij(SM), Fig. Fig. 0, 
respectively, we see that |ex(SUGRA)|/|e/r(SM)| and AMb(SUGRA)/AMb(SM) 
have quite similar characteristics. We find actually that there is a linear relation 
between AMb(SUGRA)/AMb(SM) and |ej^(SUGRA)|/|e^(SM)|, which is shown in 



Fig. ^. Here, CKM parameters are fixed to the same values as those in Fig. |2^ with 
tan/? = 3. This linear relation comes from the fact that the SUSY contributions to 
both Mi2{B) and Mi2{K) are dominated by the box diagram with the scalar top and 
the chargino loop, hence the enhancement factor is common. The small deviation 

^ Precisely speaking, our calculation does not apply for very large tan /? ^ 55 where the large 
bottom Yukawa coupling constant induces the new operators involving the right-handed bottom 
quark. 
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of '^|t^(s^xyGRA)|/|ty^s^ from unity seen in Fig. | is due to the contributions from 
charm quark. In fact, we have checked that the enhancement factors for AMb and 
eK coincide with each other if we neglect the charm quark contributions to ex (see 
2.12b)| and |(2.12c)|) . This fact is previously noticed in Ref. [§, in which a simplified 



form of squark mass matrices is assumed^. We have numerically confirmed this point 
in the minimal SUGRA model. 



IV Conclusions 

In this paper we have made an extensive analysis on B^-B^ mixing and eK param- 
eter in the minimal SUGRA model. We have found that the present experimental 
constraints including the recent measurement of 6 ^ s 7 branching ratio still allows 
for +20% deviation from the SM of both AMb and |ex|. We also found that the 
enhancement factors for AMb and {exl have a strong correlation. We have seen 
that the dependence of the AMb from the SUSY contributions on the CKM matrix 
element is the same as that of the SM in a very good accuracy so that the ratio does 
not depend on p and 77. 

Let us discuss implications of these results to constrain the SUSY parame- 
ter space. Since the effect of the new particles is at most 20~30%, the present 
constraints from AMb and ex are not very strong. This is because the CKM pa- 
rameters (p, 77) are not determined precisely from the other measurements. Since we 
do not assume the SM, the only available information on (p, 77) is given by the mea- 
surement of |Ktfe|/|K;fe| which corresponds to \J \ rf = 0.36 ±0.14. The situation, 
however, will change when the CKM parameters are more precisely determined from 
the measurements of the CP asymmetry in B decays at the future 5-factories. Since 
the phase of the B^-B^ mixing amplitude in the minimal SUGRA is the same as 
that in the SM, the CP asymmetries in 5-decays such a.s B —>■ J/ip Ks are directly 
related to the CKM parameters just as in the SM case. Therefore, it will be possible 
to extract 10~20% effects from the new particles after the CKM parameters are 
determined with enough precision in the future. It is thus important to measure CP 
violating asymmetries in various modes of B decay, not just in B ^ J/ip Ks mode, 
and to reduce the ambiguities on the hadron matrix elements Jb^Bb and Bk from 

* The ratio AMs (SUGRA)/ AA/b(SM) corresponds to the parameter R in Ref. ||]. 
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theoretical and/or experimental improvements. It is interesting to note that the 
parameter region in the tan/? - mij± space which has the largest enhancements in 
AMb and ex corresponds to relatively small values of tan (3 and mH± , i- e. tan /5 < 10 
and mH± < 300 GeV. This region roughly coincides with the parameter region in 



which the Higgs search might be difficult at the LHC experiments p3| if the LEP II 
experiments fail to find any signal of the Higgs boson. It may be possible, however, 
that the 5-factory experiments will find whether this parameter region is favored 
or not before the LHC experiments start. 
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Appendix A Functions from loop integrals 



The Inami-Lim functions used in Eqs. |(2.9b)| - K"2.9e)| and Eqs. |(2.12b)| , |(2.12c 
the following: 



are 



FAx) 



Go{x,y) 
Gi{x,y) 
Goix,y,z) 
G[{x,y,z) 



1 f , 11 2 1 

, TTT i —, T log X + X X H X 

x-l2|2x-l ^ 4 4 



F2 (x) = log X 
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Appendix B QCD factors 



We use the following formulae for the QCD factors rjs, rjx and 171^2 in |(2.9a)| , |(2.12a) 
and |(2.12b)| , respectively, which are obtained with one-loop calculations |^. We 
have neglected the threshold corrections near the electroweak scale: 



Vb 



Vk 



V2 



6/23 



3 / asinib) 



'18/25 



-18/23 



2 yasinic) J \ asirrib) J 

-36/25 / / N \ -36/23 



^1 I asirrib 



-54/25 



' as{mw) \ 
' asiniw) 



-54/23 



2 \as{mc) J \ as{mb) J 
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as{'mw)hgXc \ 7 \as{mc) 
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(B.3) 
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18 V asimb) 
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-11/25 



11 \a^(mc) 
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"899 1^ asinib) J 



-13/23 
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Figure Captions 



FIG. [1| Mi2(5) normalized to BeVb/bMb/^SAtt'^ for ^13 = tt/6, tt/3, rr/2 and 
27r/3 with fixed rrit = 175 GeV, tan (3 = 3, |K.| = 0.221, = 0.041 and 
= 0.08. The cross represents the standard model value. 



FIG. Ratio of AMb in the minimal SUGRA model to the standard model value 
as a function of the charged Higgs mass with fixed rrit = 175 GeV, tan/? = 3, 
\Vus\ = 0.221, \Vcb\ = 0.041, iKbl/lKfel = 0.08 and ^13 = 7r/3. The solid line 
shows the value in THDM II. 



FIG. |2B| Ratio of AMn in the minimal SUGRA model to the standard model value 



as a function of the lighter scalar top mass with the same parameters as those 



in Fig. 2a. 



FIG. 2c Same as Fig. 2a for tan/5 = 10. 



FIG. I2n| Same as Fig. EB for tan/3 = 10 



FIG. |3i Contour plot for the minimal value of AM^ (SUGRA) /AMb(SM) on m^i- 
tan/3 plane. Each number attached to each contour line represents the value 
of AMb (SUGRA) /AMb (SM). 



FIG. |3b| Contour plot for the maximal value of AM^ (SUGRA) /AMb(SM) on 
mH±-ta.n (3 plane. Each number attached to each contour line represents the 
value of AMb (SUGRA) /AMb (SM). 



FIG. Ratio of |ex| in the minimal SUGRA model to the standard model value 



as a function of the charged Higgs mass with the same parameters as those in 



Fig. 2a. 



FIG. |4B| Ratio of {exl in the minimal SUGRA model to the standard model value 



as a function of the lighter scalar top mass with the same parameters as those 
in Fig. 



FIG. Same as Fig. |i for tan/3 = 10. 



FIG. |4d| Same as Fig. for tan/3 = 10. 
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FIG. § Correlation between the enhancement factors AMB(SUGRA)/AMij(SM) 
and |ei^(SUGRA)|/|ej^(SM)|. Parameters are fixed to the same values as those 
in Fig. ^ 
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Figures 



FIG. 1: Mu{B) normalized to BbVeIbMb /38A7r^ for ^13 = tt/Q, tt/S, 7r/2 and 27r/3 
with fixed mt = 175 GeV, tan/3 = 3, |K.| = 0.221, \Vcb\ = 0.041 and iKbl/lKtl = 
0.08. The cross represents the standard model value. 



FIG. 2a: Ratio of AMb in the minimal SUGRA model to the standard model value 
as a function of the charged Higgs mass with fixed nit = 175 GeV, tan/5 = 3, 
\Vus\ = 0.221, \Vcb\ = 0.041, iKfel/lKfel = 0.08 and S13 = n/S. The solid line shows 
the value in THDM II. 



FIG. 2b: Ratio of AMb in the minimal SUGRA model to the standard model value 
as a function of the lighter scalar top mass with the same parameters as those in 



Fig. 2a 



FIG. 2c: Same as Fig. ^ for tan/5 = 10. 
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FIG. 2d: Same as Fig. ^ for tan/? = 10. 



FIG. 3a: Contour plot for the minimal value of AMb (SUGRA) / AM^ (SM) on mH±- 
tan (3 plane. Each number attached to each contour line represents the value of 
AMb (SUGRA) / AM^ (SM) . 



FIG. 3b: Contour plot for the maximal value of AMs (SUGRA) /AMb(SM) on 
m/^±-tan/? plane. Each number attached to each contour line represents the value 
of AMb ( SUGRA)/ AMb (SM). 



FIG. 4a: Ratio of |ei^| in the minimal SUGRA model to the standard model value as 
a function of the charged Higgs mass with the same parameters as those in Fig. |2a. 



FIG. 4b: Ratio of {exl in the minimal SUGRA model to the standard model value 
as a function of the lighter scalar top mass with the same parameters as those in 



Fig. ^ 



FIG. 4c: Same as Fig. 4a for tan/3 = 10 



FIG. 4d: Same as Fig. 4b for tan/5 = 10 
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FIG. 5: Correlation between the enhancement factors AMB(SUGRA)/AMij(SM) 
and |ei<-(SUGRA)|/|e7i-(SM)|. Parameters are fixed to the same values as those in 
Fig. ^ 
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